Aquifex aeolicus is a microaerophilic, hydrogen-oxidizing, hyperthermophilic bacterium containing three [NiFe] hydrogenases. Two of these three enzymes (one membrane-bound and one soluble) have been purified and characterized. The Aquifex hydrogenases are thermostable and tolerant to oxygen. A cellular function for the three hydrogenases has been proposed. The two membrane-bound periplasmic hydrogenases may function in energy conservation, whereas the soluble cytoplasmic hydrogenase is probably involved in the CO 2 fixation pathway.
Introduction
Aquifex is the most hyperthermophilic bacterium known to date. It grows at 85
• C under a H 2 /CO 2 /O 2 atmosphere in a medium containing only inorganic compounds. The Aquificales represent the earliest branching order of the bacterial domain indicating that they are the most ancient bacteria known to date. Similar to most of the Aquificales, Aquifex aeolicus is a hydrogen-oxidizing, microaerophilic, obligate chemolithoautotrophic bacterium [1] . This bacterium gains energy for growth from an uncommon electron transfer, from hydrogen to oxygen, and uses the reductive TCA (tricarboxylic acid) cycle as CO 2 -fixing mechanism. Operons encoding for three distinct [NiFe] hydrogenases have been annotated in the Aquifex genome sequence, referred to as hydrogenases I, II and III in keeping with the annotated names mbhSL1, mbhSL2 and mbhSL3 [2] . On the basis of biochemical, biophysical and phylogenetic data, we have proposed possible metabolic roles for the three enzymes in A. aeolicus [3] .
Sequence analysis
Genes encoding for the small and the large subunits of hydrogenase I and the membrane-integral b-type cytochrome (cyt b I ) are included in an operon with an organization typical of the group 1 of [NiFe] hydrogenases as defined by Vignais et al. [4] . In contrast, the genes for the small and the large subunits of hydrogenase II are separated by two genes coding probably for a membrane-integral cytochrome b (cyt b II ) and a [8Fe-8S] ferredoxin. This order of genes and the nature of the cytochrome b are quite unusual and have been found only in very few other microorganisms: the sulphur-reducing bacterium Geobacter sulfurreducens [5] , the photosynthetic bacterium Thiocapsa roseopersicina [6] and the hyperthermophilic acidophilic archaeon Acidianus Key words: Aquifex aeolicus, hydrogen metabolism, hyperthermophile, [NiFe] hydrogenase, oxygen tolerance, phylogeny.
Abbreviation used: TCA, tricarboxylic acid. 1 To whom correspondence should be addressed (email giudici@ibsm.cnrs-mrs.fr).
ambivalens [7] . cyt b II , with arrangement of haem groups probably different from that in cyt b I , is found, in addition to [NiFe] hydrogenases, in the dissimilatory nitrate reductase, the Archaeoglobus fulgidus Hme complex and the Desulfovibrio Hmc complex [8] . The hydrogenase III is encoded by an operon containing only the genes for the small and the large subunits. Hydrogenases I and II, containing the twin arginine motif RRXFXK, are periplasmic proteins. This tat motif is not present in the hydrogenase III sequence, indicating that this enzyme is located in the cytoplasm of Aquifex.
Multiple sequence alignment of the small subunits from [NiFe] hydrogenases has shown that the sequence features of the three hydrogenases are homologous with those of the [NiFe] hydrogenase from Desulfovibrio gigas for which the three-dimensional structure is available [3] .
Properties of the purified hydrogenases from A. aeolicus
The membrane-bound hydrogenase I, the soluble hydrogenase III and the hydrogenase I-cytochrome b complex were purified to homogeneity. All attempts to isolate hydrogenase II remained unsuccessful [3] .
Spectroscopic properties
Freshly prepared solutions of the dimeric hydrogenases I and III were studied by EPR ( Figure 1 ) [3] . The EPR spectra obtained for both enzymes are very similar, indicating that the nature and the metal centres are comparable in the two hydrogenases. When the enzyme is fully oxidized, at 70 K no Ni-A signal of the [NiFe] centre is observed (Figure 1d ) indicating that the enzyme is entirely in the 'ready form'. This is in line with the fact that the hydrogenases do not need activation. The Ni-B is visible at this temperature at g = 2.29, 2.16 and 2.01. On ascorbate reduction, the Ni-B lines become sharper and a strong signal corresponding to the oxidized [3Fe-4S] 1+ cluster appears for hydrogenase III (Figure 1b) and hydrogenase I, which is consistent with 1+ cluster mediated by an intermediate paramagnetic species. The same behaviour has been described for other [NiFe] hydrogenases [3] . The signal at g = 2.20, 2.15 and 2.01 arises from Ni-C (active form) when the enzyme is reduced by hydrogen at room temperature (Figure 1f ). In this reduced state, an intercluster spin-spin coupling with a complex signal in the range g = 2.06-1.75 is observed (Figure 1c ). This spectrum is not typical and different from those obtained for other [NiFe] hydrogenases, suggesting differences in the magnetic parameters or in the relative arrangement of the [4Fe-4S] 1+ clusters of Aquifex hydrogenases.
Substrate specificity
The isolated hydrogenases do not reduce NAD or NADP with hydrogen and do not produce hydrogen using NADPH or NADH as electron donors. In contrast with hydrogenase I, hydrogenase III can efficiently reduce low-potential electron acceptors [3] . This result is corroborated by the fact that this enzyme can reduce two low-potential [4Fe-4S] ferredoxins purified from A. aeolicus and that no reduction of ferredoxins is obtained with purified hydrogenase I (P. Tron, C. Aubert, E. Lojou, M. Bauzan, M. Bruschi, W. Nitschke and M.T. Giudici-Orticoni, unpublished work).
Optimum temperature and thermal stability
The purified enzymes are active between 20 and 90
• C with an optimum temperature at 80
• C. Hydrogenase I is unstable since no activity is detected after 2 h at 80
• C in anaerobiosis. In contrast, 85% of activity still remained after 4 h of incubation for hydrogenase I in interaction with the cytochrome b. Hydrogenase III shows also a high stability against thermal inactivation (up to 4 h) [3] .
Oxygen tolerance
The A. aeolicus [NiFe] hydrogenases are rather tolerant to oxygen. Soluble hydrogenase III is more sensitive than hydrogenase I with a loss of activity after 1.5 h of exposure to 20% O 2 at 0
• C. Hydrogenase I has a high stability since 50% of the initial activity is still measured after exposure to O 2 for 24 h [3] . Recent works have shown that some hydrogenases are very insensitive to oxygen. This is the case for the CO-linked hydrogenase from Rubrivivax gelatinosus, which is tolerant to O 2 and catalytically active in oxygen [9] . Two hypotheses for the resistance have been proposed for [NiFe] hydrogenases: (i) hydrophobic cavities serving as gas channels significantly narrower, which block O 2 access to the active site [10] and (ii) two extra CN ligands in the active site with the Ni-bound cyanide group responsible for the oxygen insensitivity of the enzyme and crucial for the enzyme to function under aerobic conditions. Bleijlevens et al. [11] have recently shown that the hypX gene of R. eutropha is specifically involved in the biosynthetic pathway that delivers the nickel-bound cyanide. To date, this gene has been found only in eight bacteria, which grow exclusively or preferentially under aerobic conditions, including A. aeolicus (annotated hox X). One or several [NiFe] hydrogenases from Aquifex may contain the Ni-bound CN important for the oxygen tolerance and works are currently in progress in our laboratory to test this hypothesis. A. aeolicus hydrogenases are good candidates for biotechnological uses due to their high stability against oxygen and high temperature.
A model for the metabolic role of the three [NiFe] hydrogenases in A. aeolicus
We have shown that the membrane-bound hydrogenase I possesses the molecular properties of group 1 of [NiFe] hydrogenases and belongs to this group [3] containing the membrane-associated respiratory uptake hydrogenases, enzymes capable of supporting growth with hydrogen as an energy source [4] . These enzymes typically transfer electrons from H 2 to the quinone pool through a membrane-integral cytochrome b. In vivo, the electrons are probably transferred to the cytochrome bc 1 complex and the cytochrome oxidase to reduce molecular oxygen (Figure 2 ). According to the sequences, hydrogenase II, not purified but present in the membrane fraction, is probably anchored to the membrane by the membrane-integral cytochrome b
II . This enzyme also belongs to the group 1 of hydrogenases [3] , [3] . A role for H 2 -signalling hydrogenase has been previously proposed [4] , but the specific activity (100 units/mg) and the cellular abundance of hydrogenase III are not in favour of such function for this enzyme. We propose a role in the CO 2 -fixing pathway through the reductive TCA cycle (Figure 2) . A corresponding role has been proposed previously for the soluble [NiFe] hydrogenase from Hydrogenobacter thermophilus [12] . Electron transfer is energetically strongly favoured from pyruvate to ferredoxin. The high reducing power driving the TCA cycle in reverse is quite probably provided by hydrogenase III [3] . This is in line with the efficient reduction of low-potential electron acceptors by this enzyme (see substrate specificity), particularly the lowpotential cytoplasmic ferredoxins isolated from the same bacterium (P. Tron, C. Aubert, E. Lojou, M. Bauzan, M. Bruschi, W. Nitschke and M.T. Giudici-Orticoni, unpublished work).
